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ABSTRACT
The adsorption of several anions of agronomic and ecological im'
portance, sulfometuron 2-[3-(4,6-dimethylpyrimidin'2-yl)ureidosulfo'
nylbenzoic acid, sulfate, acetater and chloride on pillared clay was
stüdieü Pillared clay (PC) is a very effective adsorbent of anions
ftom aqueous solutions. The fractions ofsulfometuron adsorbed from
aqueou¡¡ solutio¡ls were more than 90% of added, but low solubility
limited the added amounts. The maximal adsorbed amount of sr¡Ifafe
was 0.72 mol. kg-r and of aceúate wss 0.41 mol. kg-r' Addition of 1ü)
and 5m mM of NaCl as fhe background electrolyte did not afiect the
adsorption of sulfometuron, but drastically reduced the adsorption
of sulfate and acefate. Acetate at 1ü)0'fotd larger excess compefes
with sulfometuron for the surface sites, but sulfate does not' Acetate
decreased dramaticatly the adsorption of sr¡Ifate when both ¡nions
were added simultaneouslyr but scefste did not adsorb on the day
with pre.adsorbed sulfate. The sequence of adsorption atrnity of
anions to the PC surface is: sulfomehrron >> sulfate > ecetate >>
chloriile. The binding coefficient was 1íl fi)O M-t for sulfometuron'
650 M-l for sulfate, 350 M-r for acetate' and 15 M-r for chloride'
The dominant mode of sulfometuron adsorption on PC is via strong
elect¡ostatic interactions. The proposed interactions of sulfate with
PC are outer- and inner-sphere complexation The pH is reduced
with sulfate adsorption *¿ Al ls rele¡sed. The proposed mode of
¡cetate interactions with PC is mainty via inner-sphere complexation'
In this case the pH increases with acetate adsorption, indicating ex'
change of acetate with surface hydroxyls, and Al is not released'
T)lueneo cLAYS are nanocomposite micro- and/or
-F -".o-porous materials prepáred by intercalating
bulky neuiral or, most often, óationic species in the
interiayer space of smectite clays (Lahav et al', 1978;
Barrer, 1989; Bergaya,1990; Bergaya et a1.,1993b;La-
galy, 1995). ttt" itttlt.ulated speóiés act as props (pil-
t-uti¡ tttut i<eep the clay layers 
-apart 
and prevent them
from collapsing under vacuum, at high temPeratu-res, or
under tp"óitic óonditions (Bergaya, \994). The pillaring
process generates micro-'andToi meso-porosity in the
interlaméllar spaces. Pillared clays have remarkable ad-
sorption propelties that are related both to the geom.et-
ricál featurei of the Dorous spaces and to the specific
interactions of the aásorbates with the pillars and the
clay layers (Van Damme and Fripiat' 1985; Van Damme
et á1., iqgO;'Bergaya et al.,1993a;Bergay-a,1995)' Enü-
ronmental pollultants are adsorbed significantfV ol LQs(Zielke at d'Pittttauaia, 1988; Nolan et al., 1989)' Modifi-
iation of PCs with pre-adsorbed surfactants can imp.r^o^ve
their adsorptive prbperties (Srinivasan and Fogler, 1990;
effective adsorbents for anions at the positive 5¡1es 6¡;-.
clays that were characterued as Bron¡ted and I¡wisi':1,-.'
aciá sites (Occelli and Tindwa, 1983; Zubkov et at,€.-
Lgg4).Information on adsorption of anions on PCls ¡S r-:.
scarce. Anion adsorption regulates the migration of É:
anions within the soil profile as well as access of nutrient 
-n ,-
substances to plants. ' .f J.:#¡
Our aim wai to study tle adsorption of several anioÑ. E -.-
on PC. Sulfate and aceiate are of interest as componenti ='i '
of soil solution that are of ecological and agronomic 
-]
importance. Sulfometuro n 2-B - (4,6-dimethylpyrimidin- 
"fg*2-yl)ureidosulfonylbenzoic acid is a sulfonylurea pre-'1; -
emergence and post-emergence herbicide controlling j ,,
annual and perennial grasses and broadleaved weeds. l=,
The structure and dissóciation of sulfometuron is showi- :'i-.. i
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Michot and Pinn ava ia, 799I; Lagaly, 1 995 ). Adsorptiofr--T€.
of organic cations on PCb has been recently studied by-S-
Mishael et al. (1999). Pillared clays are expected to be 
_5 -
in Fig. 1. Sulfonylureas are weakly acidic compounds ;- 
-.
withpK"=5.3(Worthing,1983)thataremobileinsoils
(Beyer et al., L988). A serious problem encountered is -
their leaching to deep soil layers and ground water, '
especially at soil pH >7.5 (Strek, 1998). To reduce unde-
sirable herbicide leaching and migration, PC-herbicide
formulations were developed previously for the herbi-
cide alachlor (Gerstl et al., 1998). We aim to design
a formulation of sulfometuron that would reduce its
leaching, and in this context the study of adsorption of
sulfometuron on PC is particularly important.
MATERIALS AND METHODS
The pillared acid-activated clay was prepared in large quan-
tities af the National Technical University of Athens and Stra-
ton Hi-Tec, Athens, Greece, as described in Jones et al. (1997).
The acid-activated precursor montmorillonite is sold under the
name Fulcat F22B-(Laporte, London, UK). The Al-pillaring
of this matrix was performed using aluminum chlorohydrate(ACH) solutions. iypically, the intercalation of the polyc-
ations was from solutions with 6 mmol of aluminum per gram
of clay. Exchange was at room temperature aft€r aging of
the aluminum sólution at 80"C. The amount of intercalated
aluminum is always lower in F22B than in the parent clay prior
to acid activation, reflecting the decreased cation exchange
capacity (CEC) of the clay after acid treatment. After calcina-
tion between 400 and 600'C, a basal space is observed at 1-72
nm. The CEC of the clay is 0.53 mmoL g-' and the specific
surface area is 256 m2 g-' (Jones et al.' 1997). Sulfometuron
(analytical grade) was obtained from E.I. Du Pont de Nem-
ours & Company (Wilmington, DE). Analytical grade salts
NaCl, Na2SO¿, and CH¡COONa were purchased f¡om Fru-
taron (Haifa, Israel), J.T. Baker (Phillipsburg, NJ), and Merck
(Darmstadt, Germany), respectively. HPLC-grade acetoni-
trile and methanol were obtained from BDH Chemicals
Abbreüations: PC, pillared clay; CEC, cation exchange capacity'
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Flg. L Structure and dissociation of sutfometuron
(Poole, pgeland) and trifluoroacetic acid was purchased from
Merck (Hohenbrunn, Germany). . ..
Before the measurement of ádsorption of sulfate and ace-
tate, the clay was washed by disti[eá water (clay/water ratio
was 1.'30). Suspensions were centrifuged for 10 min at 15 000 g
and the supernatant was discarded. ñter 10 washings the clay
was ai¡-dried. The amount of sulfate in the washed clay was
0.008 moL kg-l (unwashed sample contained 0.41 mol kg-l).
X-ray diffraction (XRD) measurements of the clay-oriented
samples showed that the c-spacing did not change after
washing.
Expirimental conditions in adsorption measurements of
sulfometuron are listed in Table 1. The adsorption experi-
ments were carried out in 50 ml centrifuge tubes by mixing
0.1 g or 0.01. g clay with 20 ml of solutions containing given
amounts of stock solutions of anions. To study the effect of
the different concentrations of electrol¡es on the adso¡ption
of sulfometuron, the 20 ml volume was reached by using one
of the following background electrol¡es: 1, l-0, 100, and 500
m-¿Vl NaCl, t0 mM Na2SOa, and 20 mM CH¡COONa.
In measurements of sulfate or acetate adsorption the elec-
trolyte solutions were added to the washed, 5 g kg-1 clay
suspension in the range 0 to 5 mmol g-t. To study the competi-
tive adsorption of sulfate and acetaie, solutions with equiva-
lent amounts of both anions were added simultaneously. In
measurements of successive adsorption of sulfate and acetate,
solutions containing 5 or 20 mM" sulfate were added to 0.1, g
of clay. After 24 h of agitation, samples were centrifuged (see
below), supernatants were discarded, and SO?- was measured;
then solutions containing 5 or 20 mM" of acetate were com-
bined with the samples containing the same added amounts
of sulfate. Acetate and sulfate were determined in superna-
tants after 24 h of. equilibration. To study the effect of NaCl
on sulfate or acetate adsorption, solutions containing 5 or 20
mM" of. sulfate or acetate were adjusted to 20 ml by NaCl
solutions and added to 0.1 g of clay. The concentrations of
NaCl in the added solutions were 100 or 500 mM.The adsorp-
tion of chloride was determined by adding 20 ml of 5,20,50,
100, 200, or 500 mM NaCl solutions to 0.1 g of clay.
In all experiments the tubes were kept at 25 + l"C under
continuous agitation for 24 h, which was sufficient for reaching
equilibration of all anions: the adsorbed amounts were found
the same for 24, 48, and72 h. Then the tubes were centrifuged
for 10 min at 15 000 g and the pH of supernatants was
measured.
Desorption was studied for sulfometuron adsorbed from
water solutions and acetonitrile. Samples with pre-adsorbed
herbicide were ai¡-dried in centrifuge tubes. Then 20 mL of
distilled water or 100 mM NaCl were added to the clay-
herbicide complex. Clay concentration was 5 g kg-t. The tubes
were kept at25 + 1oC under continuous agitation during 24 h
and then were centrifuged for 10 min at L5 000 g.
For sulfometuron analysis all supernatants were ñltered
with teflon filters (ISI, Petach Tikvá, Israel) of 0.2 mm pore
in diameter. Sulfometuron was analyzed by HPLC (Merck
Hitachi 6200, Tokyo, Japan) equippeá with ÉDA detector set
at a wavelength of. 232 nm. The ieverse phase column was
LiChrospher 100 RP-18 (5 rrM) (Merck, Darmstadt, Ger-
many), and the mobile phase was a mixture of7\o/o acetonitrile
a¡'d 30o/" water solution of 0.65 mM trifluoroacetic acid. The
flow rate was 1.0 mL min-t.
For sulfate and acetate analysis the supernatants were fil-
tered through Acrodisc filters (Getnan Science, Ann Arbor,
MI) with 0.2 mm pore diameter. Sulfate and acetate were
analyzed by a DX-300 Ion Chromatograph (Dionex, Sunny-
vale, CA), equipped with micromembrane suppressor and
electroconductivity detector. A guard column AG 4A and an
anal¡ical column AS 4A were used. The eluents used were
1.8 mM Na2CO3 + 1.7 mM NaHCO3 and 5 mM NazBnO, for
the analysis of sulfate and acetate, respectively.
Aluminum species in solutions were determined using in-
ductlvely coupled plasma atomic emission spectrometer (Spec-
tra, Kleve, Germany).
To punue the study of binding afñnity the adsorbed
amounts of the anions when added alone were simulated by
means of the Scatchard equation, which is based on the as-
sumption of the lack of cooperativity between adsorbed mole-
cules. The Scatchard equation is equivalent to the l-angmuir
equation; it includes twó parameters: the binding coeffiiient,
k (M-t), and the number of surface sites N, per particle (e.g.,
a clay platelet). As elaborated (Nir et al., L994) there is mathe-
matical equivalence between (i) sorption on particles including
N binding sites and (ii) a bimolecular association between
the adsorbed molecules and the surface sites, by using the
substitution Ro = NG, in which fte is total molar concentration
of the surface sites and Gs is the molar concentration of sorbing
particles. The Scatchard equation can be brought to a form:
a : (Lo 
- 
L)tL = Rokt(I + kL) I1l
in which L¡ and I denote the molar concentration of total
added herbicide molecules and those remaining free and a. is
the ratio between sorbed and free herbicide molecules. Eq.
[1] can be brought to a quadratic equation:
c2 + a[1 + k(Lo 
- 
Rr)] 
- 
kRo = 6
The concentration of sorbed molecules is given by:
Lo-L=loal(l *c¿)
The parameter R¡ was fixed by a multiplication of an arbi
trary value of the anion exchange capacity of the clay (the
maximal amount of the acetate adsorbed, mol g-t clay) with
the concentration of the clay (g kg-t).
To compare experimental data and theoretical values statis-
tical criteria used were the closeness of R2 to unity and minimal
value of the root mean square error (RMSE). The RMSE is
defined by:
Table L Experimental conditions in adsorption measurements
of sulfometuron.
srmpre .ooo?llooo Range ofSolvent ¡ulfometuron
W¡shed and unwashed
Unwashed
Unw¡shed
Unw¡shed
g kg-t
5.0
05
5.0
5.0
mmol kg-t
Water {l-¿8!;W¡ter l)-{8Acetonif¡ile l)-550Meth¡nol lr-57
i
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RMSE = | X(yr"¡ - !",p¡)2t(n - p) I l2lL,=, " J
in which y.¡a is the calculated amount (mol kg-t) of the cation
under consideration, j/,,p¡ is the experimental value, n is the
number of data points,'and p is the number of adjustable
Parameters (i.e., binding constants), which are determined by
employing a particular set of dara points.
RESULTS AND DISCUSSION
Sulfometuron
The adsorption isotherm of sulfometr¡ron from water
solutions on PC is presented in Fig. Z.The low solubility
of sulfometuron in water [L0 mg L-l (Worthing, 1983),
6.4 mg L-1 (EXTOXNET data)l at pH below neutral
set a limit on the added amounts. The amounts of sulfo-
meturon adsorbed reached 95 to 98o/" of added for un-
washed samples and 80 to96o/o for washed samples, but
the maximal weight percent of sulfometuron adsorbed
was only 0.1%. The pH values of both supernatant solu-
tions did not change with adsorption of sulfometuron;
pH values after adsorption were 6.0 + 0.1 and 7.0 +
0.1 for unwashed and washed samples, respectively. In
both cases Al was not released from the surface. Ad-
sorption of sulfometuron decreased with an increase in
pH, as was previously found for primisulfuron, another
sulfonylurea herbicide (Ukrainczyk and Ajwa, 1996).
Our explanation is that the anionic form is adsorbed on
the positively charged sites of the surface (i.e., pillars).
The pH values of the suspension of the unwashed and
washed clay were 4.63 and 5.46, respectively. Washing
reduced 140-fold the concentration of Al species in the
supernatant, from 0.47 to 0.0033 mg L-t in washed sam-
ples. An increase in pH coupled with decrease in the
concentration of Al species in the supernatant solution
indicated a decrease in the number of positively charged
sites on the clay surface after washing. The positively
charged sites of PCs are attributed to both Brgnsted 
_ _
and Lewis acidities (Schutz et a1.,L987, Zubkov et a¡_ ._ ;
1994), but the surface acidity of the material aftei ,
calcination is mostly of Lewis type due to the pillan .(Occelli and Tindwa, 1983). We expect the adsorption -= :
of sulfometuron on PC to be due to electrostatic intérac- . -, -
tions of the anion with the positively charged sites of'*:':
the pillars.
- 
In an aftempt to increase the low weight p"r*ñíü:
the adsorbed sulfometuron with respect to clay we dg- . -
creased the clay concentration. The 20-fold increase in -
herbicide load resulted in a süght increase in the m¿¡¡¡- . -
mal adsorption (3.22 pmol g-1 for 0.5 g kg-t suspension "' '
versus 2.72 p,molg-l for 5 g kg-t suspension). The frac: : 
=tion of sulfometuron adsorbed in the more dilute clav" -
suspension was nuch lower, 5 to 16o./0 of the a-ouoi
added, an{nH values of the supernatants after adsorp
tion were 7.4 + 0.L. 
-.;::;-;=-JIn order to increase the amounts of sulfometuron': 
=present in suspension, its adsorption from acetonitrile
solution was considered (Fig. 3). The adsorbed 4mount -.:-
of sulfometuron reached lL% of the amount initiallv
added, which is 2o/o of. the clay weight. The relativÉ :
adsorption is not significant due to the stronger interac- - -
tions of sulfometuron molecules with those of acetoni-
trile. The maximum of sulfometuron adsorption from
methanol (isotherm not shown) was 3.3 mmol kg-t (i.e.,
67" of. the amount added and 0.12"/" of the clay weight).
The effect of NaCl or Na2SOa on sulfometuron ad-
sorption was insignificant. For 2.28 mmol kg-l of sulfo-
meturon added, the maximum reduction of the adsorbed
amounts was 4o/o for 500 mM NaCl and 5% for 10 m.¡V
Na2SOa. On the other hand, the addition of CH3COONa
was more effective in reducing the adsorption of sulfo-
meturon. For 0.86 mmol kg-1 and 2.28 mmol kg-t added,
the adsorbed amounts of sulfometuron decreased by 6
and 87", respectively at the 1:L sulfometuron/acetate
ratio, by 15 and27"/" at L:100 sulfometuron/acetate ratio,
and by 22%" and 32%" at 1:1000 sulfometuron/acetate
ratio. It appears that sulfometuron is tightly bound to
some surface sites that are not affected by electrolyte
screening and that acetate, unlike chloride and sulfate,
competes with sulfometuron for these sites. Acetate as
well as sulfometuron are weak bases with pKu 4.8 and
? 2.5E)J
o
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E
tt
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c
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-+PC (washed)
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Amount added (mmol k9{)
Fig.2. Adsorption of sulfometuron from water solutions on pil-
lared clay.
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flg. 3. Adsorption ofsulfometuron hom acetonitrile on pillared clay.
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Table 2. Desorption of sulfometuron ftom pillared clay. 0.8
-90.7
io.o
E
- 
0.5Eo
€ 
o.¿
oo
E 0.3
Eo.,
o
E o.t
0
Solution
¡dded for
desorption
Amor¡nts added
for adsorption
measurements Adsorüed
Desorbed
7o ftom
Desorbed ¡dsorbed
Distilled w¡ter
N¡Cl llX) mü
Distilled water
N¡Cl llX) mll
Distilled w¡ter
NeCl LlXl nM
I)istilled water
N¡Cl llXlmM
mmol kg-r
Adsorbed from w¡ler
Adsorbed from ¡ceúonitrile
0.E6 0s40J6 - 0J4228 22022E L20
BS
BS
5&2
5&2
200
200
{00
400
::0.06 30J3 6
L45 6L94 tó.4u&73 15
5.3 respectively (Lide, 1991; Worthing, 1983). Both
anions can participate in acid-base reactions with posi-
tively charged sites of PC.
The results of the desorption measurements are pre-
sented in Table 2. Sulfometuron adsorbed from waier
solution was slightly desorbed. Desorption of sulfomet-
uron adsorbed from acetonitrile was somewhat higher.
In both cases more sulfometuron desorbed from a solu-
tion of 100 mM NaCl than from water. The explanation
is that sulfometuron as an anion is more stable in solu-
tion of high ionic strength than in water. The insignifi-
cant desorption of sulfometuron adsorbed f¡om water
solutions confirms the hypothesis for tight binding of
sulfometuron on PC.
Acetate
The adsorption isotherm of acetate on PC is presented
in Fig. 4. The adsorbed values were high-up to 0.41
mmoL g-r. Figure 5a shows the constant increase in
supernatant pH values with increasing acetate adsorp-
tion. Schulthess and McCarthy (1990) suggested two
mechanisms of acetate adsorption on aluminum oxide:
ligand exchange and hydrogen bonding. Based on the
constant pH increase with acetate adsorption, we pro-
posed that the dominant mechanism of adsorption of
acetate on PC is inner-sphere complexation (i.e., ex-
change with surface hydroxyls). Our hypothesis was con-
firmed by the calculations of the slope of pAc versus
pOH, which was 0.83 (R2 : 0.978).
The presence of equivalent amounts of chloride (5 or
20mM) as the background electrolyte decreased acetate
adsorption by 5 and 54olo. Addition of 100 and 500 mM
of NaCl strongly reduced acetate adsorption (Table 3).
Schulthess and McCarthy (1990) found significant de-
crease in acetate adsorption on aluminum oxide with
the addition of chloride. Their explanation was that
both anions adsorb on the same sites but by different
mechanisms. Thus, chloride, usually considered as ad-
sorbed by outer-sphere complexation, when added in
high amounts can compete with acetate adsorbed by
inner-sphere complexation. Adsorption of chloride
alone on clay was high: 0.15 mmol g-1 for 20 mM,0.28
mmol g-l for 100 mM, and 0.31 mmol g-l for 500 mM
added NaCl; for 5mM added adsorption of chloride
was very low (0.01 mmol g-1) and didn't affect the
adsorption of acetate (Tabte 3). Thus chloride added in
Amount added (mol. kg')
IIg.4 Adsorpfion ofsulfaúe and ¡cetate on pillared clays
'i l
small amounts does not compete with acetate for surface
sites. Sulfate added simultaneously with acetate at the
same equrvalent amounts did not affect significantly the
adsorption of acetate (Table 4).
The high adsorption of several monovalent organic
cations (dyes) on PC in the presence of 100 and 500
mM of. NaCl solutions was explained by the reduction
of the positive potential of the surface. The positive
potential on the negatively charged planes of PC is
raised as a result of charge reversal of the surface when
dyes adsorb above the CEC (Mishael et al., 1999). The
significant adsorption of chloride on PC f¡om 100 and
5W mM of NaCl solutions with accompanying increase
0.5
a)
?
ot5r o'4
E
E
E 0..
.c¡
0
oE o.z
o
t!
o
¿ 0.1
6.1
pH
?
C't!
-9ooEE¿
iñ.o
oottG
¿l.E 4.9 5 5.1 5.2 5.3pH
Flg. 5. The pH ofequilibriun solutions versus qmounts ofsulfafe and
rcetate adsorbed.
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Table 3. Adsorption ofsulfate and acetate on pillared clay in the
presence of NaCl.
Anion Reduc{ion in
adso¡bed adsorPtionf
mol. kg-r
0.10
Anion added Anion adsorbed
cHscoo- soi- cHrcoo- sol-
mol. kg-t
t Reduction in adsorption is rafio between sulphale o¡ ac€f¡fe ¡mounts
¡dsorbed without and with addition of N¡CL
in the negative charge of the clay might be an additional
factor coñtributing ó tne nign adsorption of dyes above
the CEC.
Sulfate
The adsorption isotherm of sulfate is shown in Fig-
4. The adsor-bed amounts of sulfate (negative charges)
were higher than for acetate, with a maximum adsorbed
amount of.o.7zmmol. g-1. In contrast to the pH inc¡ease
observed during acetaie adsorption, the sulfate adsorp-
tion resulted in a pH decrease (Fig. 5b) and an increase
in the Al species óoncentration in the supernatant solu-
tions (Fig. 6). The pH decrease with the increase of
sulfate adsorption wás observed for Ultisols containing
significant amounts of aluminum oxides (Pachepsky.et
aL, 1-9S+¡. The increased dissolution of Al species with
the increase of sulfate adsorption was found for 1-Al2-O3
(He et al., 1996). One of thé mechanisms proposed for-
iulfate adsorption on aluminum oxides is exchange of
sulfate with the surface hvdroxvl (Partit, L978; Raian,
1978). This mechanism wís coniidéred as inner-sphere
complexation (He et al., 1996). Curtin and Syers (199Oa)
observed a pH increase with the increase of sulfate
adsorption by soils, which is in agreement with the hy-
droxyl exchange into solution. Another proposed mech-
anism for sulfate adsorption is formation of outer-
sphere complexes (Davis and Leckie, 1980; Sposito,
1984; He et al., 1996):
MOHr+(s) + SO?- (aq) = MOHi SO?- (s)
MOH2+(s) + HSO; (uq) : MOHz+ HSO' (s)
Table 4. Competitive adsorpfion of sulfate and acetale on pil-
lared clay.
4.85 /t-9 /f.95 5.05 5.'t 5.15
pH
trtg.6. Al species (concen&ations in mg L-r) versus pH in equilibrinn
solutions after sulf¡te adsorption 
,_t
where M is metal cation and OH2+(s) is the inorganic
surface hydroryl group. Zhang and Sparks (1990) con-
cluded that sulfate adsorbed on goethite by outer-
sphere complexation.
Adsorption of sulfates on hydrous alumina and posi-
tively charged soils is accompanied by an increase in
the negative charge of the surface and some increase in
cation adsorption (Rajan 1978; Curtin and Syers, 1990a).
Sulfate can be adsorbed on PC by outer-sphere com-
plexation, which results in an increase of the negative
charge of the surface. However, as will be elaborated
when discussing binding affinities, an additional mode
of inner-sphere complexation cannot be ruled out. The
increase of the negative charge on the clay surface may
lead to an additional adsorption of Na+ on the surface
from NazSOa solutions and formation of sodium alumi-
num sulfate salts on the clay surface. The solubility of
potassium aluminum sulfate in the range of pH studied
is almost 10 times higher than that of gibbsite (Lindsay,
1979). However, the solubility of sodium aluminum sul-
fate is almost 10 times higher than that of potassium
aluminum sulfate (Lide, 1991), which results in an in-
creased concentration of Al species in the supernatant.
Thus, hydrolysis of aluminum species leads to a decrease
in the pH of supernatant solutions with the increase in
sulfate adsorption.
Addition of equivalent concentrations of acetate si-
multaneously with sulfate resulted in a drastic decrease
in sulfate adso¡ption (Table 4). On the other hand, ace-
tate adsorption was insignificant when the clay was pre-
adsorbed with sulfate; desorption of sulfate by acetate
was 10% at5mM"andt3"/o at20mM"acetate added.
Hence, the dramatic decrease in sulfate adsorption when
1.6
N¡CI Anion
¡dded Anion ¡dded
ct
o
1
o/o
100
86
100
5
s4
90
62
100
100
0r0
021
0.v21
0.15
mM,
5
m
2fr
5
m
5
?,0
5
2,0
mM
100
100
500
5
n
100
100
500
500
soi-
so¡-
so¡-
cH3coo-
cHrcoo-
cH3coo-
cHscoo-
cH3coo-
cH3coo-
'; -t¡ .
j -::-
0.6 +
¿t.8 52 525
,.-la
0.42
0.67
0.72
0
0
0
0.05
0.02
0.01
0
0
0
0.21
0.38
039
0.18
ndf
038
LI
't.2
L2
0
0
0
L1
t2
4.2
0
0
0
1.1
3.2
42
L1
3.2
4.2
added simultaneously with acetate can be explained by
a kinetic effect (i.e., by differences in the rates of their 
.
adsorption/desorption). According to Table 5 the bind- '
ing coefficient of sulfate is two times larger than that 
--r
oiacetate. The binding coefficient, k is iiven by k = .;i,
ClD,where C and D are the forward and backwardrate-;'
tl¿
t Not determined.
tr
ni!
.'.'I
H
!{
9A;il
ili
;1
!t
T¡ble 5. Parameters describing adsorption of several anions on
pillared @.
Range of
k P RIVISE ¡dsorbed amount
mmol kg-r
Sulfometuron(ftom water solutions)
Sulfometuron(ftom acefonitrile)
Acttsle
Sulphate
Ctloride
9s3
acetate that results in a release of OH- does not result
in charging of the surface. As expected, the binrling
coefficient k for sulfometuron adsorption is much larger
than that of acetate or sulfate. The binding coeffrcient
for sulfate adsorption is two times larger than that of
acetate, which is consistent with the low desorption of
sulfate by acetate and the hypothesis about outer- and
inner-sphere complexation of sulfate on the surface of
PC. The binding coeffrcient for chloride is much less
than for the other anions. As a monovalent anion ad-
sorbed by outer-sphere complexation, chloride can com-
pete with sulfate and acetate when added in large excess'
but it does not compete with sulfometuron.
According to our results, the sequence of adsorption
affrnity of anions on the PC surface is sulfometuron >>
sulfate > acetate >> chloride.
CONCLUSIONS
. Pillared clay is a very effective adsorbent of anions
from aqueous solutions. Desorption of sulfometuron
adsorbed on PC from water solutions is loq sulfomet-
uron appears to be tightly bound to the PC surface.
These characteristics suggest that PC may be useful for
the preparation of clay-sulfometuron formulations.
. 
-When 
added in the range of more than 1 mol kg-t,
anions compete for the same adsorption sites of PC, but
the mechanisms of adsorption can be different.
. The main mechanisms suggested forthe adsorption
of the studied anions are:
Sulfometuron. Strong electrostatic interactions con-
stitute the dominant mode. The final pH is the same
as in aqueous solutions of sulfometuron and Al is not
released. Equivalent amounts of acetate do not affect
significantly the adsorption of sulfometuron; acetate
added in 100- and 1,000-fold larger excess competes with
sulfometuron for the surface sites, but sulfate and chlo-
ride do not.
Sulfate. The proposed interactions are via outer- and
inner-sphere complexation. The pH is reduced with sul-
fate adsorption and Al is released. Adsorption of sulfate
in the presence of acetate and high chloride concentra-
tions is drastically reduced, but desorption of pre-ad-
sorbed sulfate by acetate is minimal.
Acetate. The proposed mode is mainly via inner-
sphere complexation. The pH increases with acetate
adsorption, indicating exchange of acetate with surface
hydroxyls. Aluminum is not released; sulfate does not
affect acetate adsorption when both anions are added
simultaneously, but pre-adsorbed sulfate prevents ace-
tate adsorption. Small concentrations of chloride do not
affect the adsorption ofacetate, but high concentrations
of chloride reduce acetate adsorption.
Chloride. When added in high concentrations chlo-
ride can compete with acetate for adsorption on the
surface sites, although the proposed mechanism for
chloride adsorption is outer-sphere complexation.
o The sequence of adsorption affinity of anions on
the PC surface is sulfometuron >> sulfate > acetate
>> chloride.
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constants of adsorption. It is possible that both C- and
D-values are largei for acetaté than for sulfate. Possible
explanation for this dramatic reduction in sulfate ad-
sorption may be due to steric restrictions impo¡ed by
bound acetate ions. On the other hand, the low desorp-
tion of pre-adsorbed sulfate upon addition of acetate
indicates a strong adsorption ofsulfate. Thus, it appears
that sulfate and acetate óompete for the same adsorption
sites and that sulfate also ian be adsorbed by inner-
sphere complexation on PC. The increase in hydroryl
cbncentration in supernatant solution accompanying the
inner-sphere complexation cannot be detected in this
case, bécause of hydrolysis of aluminum species, which
results in eüdent pH decrease. Adding 100 and 500 mM
of NaCl reduced dlastically sulfate adsorption (Table 4).
Curtin and Syers (1990b) showed a decrease in sulfate
adsorption on positively charged soils with addition of
chlori-de. Thus, chloridé can óompete with sulfate for
the adsorption sites.
The results of the calculation of binding coefficients
by using the Scatchard equation are shown in Table 5.
Generally, Eq. [1] can provide both parameters, Rq and
k. However, since a minimal number of parameters s
preferred, we present results based on the use of a single
parameter, /<. The parameter Rs was fixed by a multipli-
óation of the platéau value for acetate adsorption on,
the clay minerál (0.42 mmol) with the concentration of
the clay (g kg-t). The appiicability of the Scatchard
equation (Eq.[t]) was tested by its ability to adequately
simulate the sorption results.
In principle, ihe Scatchard equation should fail to
simuláte the adsorption of particlés that charge the.sur-
face, since this proóess shout¿ result in progressive inhi-
bition of the adsorption of additional charged particles,
or negative coopeiativity. Due to the geometrical and
charge heterogeneity of the PC we avoid an attempt to
develop a more refined treatment that would consider
changel in surface potential due to adsorption and
changes in ionic strength (Nir, 1986).
Thé results in Table 5 dernonstrate that the Scatchard
equation yields a very good simulation for the adsorbed
amounts of sulfomeiuion and a good fit for those of
sulfate. The outcome that sulfometuron adsorption is
very well explained is not surprising because the largest
adsorbed amount is a small fráction of the total number
of adsorption sites. The fact that a good fit also is ob-
tained for SO?- adsorption indicateJthat its adsorption
is accompanied by Ná* adsorption and does not result
in charging of tné surface. Similarly, the adsorption of
954 J. ENVIRON. QUAL. VOL29, MAY_ruNE 2OOO
ACKNOWLEDGMENTS
This research was supported by Grant 8803-1-96 of the
Ministry of Science and Arts, Israel, for French-Israeli collab-
oration, and partially supported by a Grant G-0405-95 from
G.I.F., the German-Israeli Foundation for Scientific Research
and Development. Dr. T. Undabeytia acknowledges the Span-
ish Government (ref. PF9ffi3n5424) and the European Com-
munity (Contract N. FAIR-BM-W08%) for a postdoctoral
fellowship at the Seagram Center.
REFERENCES
Barrer, R.M. 1989. Shape-selective sorbents based on clay mins¡als;
A review. Clays Clay Miner. 37381-395.
Bergaya, F. 1990. Argiles a piüers. p. 5L3-537..In A. Decarreau (ed.)
Matériaux argile structure, propriétés et application. La Societe
Francaise de Minéralogie et de Cristallographie, Paris, France.
Bergaya, F. 1994. Focus on pillaring and mixed Al (13-x) Fe (x) PILCs.
CEA-PLS Newsleuer 7 :ll-12.
Bergaya, F. 1995. The meaning of surface a¡ea and porosity measure-
ments of clays and pillared clays. J. Porous Materials 2:91-96.
Bergaya, F., L. Gatineau, and H. Van Damme. 1993a. About surface
area and porosity measurements in pillared clays. p. 19-26. In
C.A.C. Sequeira and M.J. Hudson (ed.) Multifunctional mesopor-
ous solids. Kluwer Academic Publ., Dordrecht, the Netherlands.
Bergaya, F., N. Hassoun, J. Barrault, and L. Gatineau. 193b. Pillariag
of synthetic hectorite by mixed [A'16-, Fe,] pillars. Clay Miner.
28:109-122.
Beyer, E.M., M. Duffy, J.V. Hay, and D.D. Schlueter. 1988. Sulfonyl-
nreas. p. ll7-189. In P.C. Kearney and D.D. Kautnan (ed.) Herbi-
cides: Chemistry, degradation, mode of action. Vol. III. Marcel
Decker, New York.
Curtin, D., and J.K. Syers. 1990a. Mechanism of sulphate adsorption
by two tropical soils. J. Soil Sci. 4l:295-304.
Curtin, D., and J.K. Syers. 190b. Influence of nit¡ate and chloride
on the adsorption and transport of sulphate in soils. J. Soil Sci. 41:
4742.
Davis, J.A., and J.O. Leckie. 1980. Surface ioniz¿¡is¡ and complex-
ation at the oxideiwater interface. 3. Adsorption of anions. J. Col-
loid lnterface Sct. 7 4:32-43.
Gerstl, 2., A. Nasser, and U. Mingelgrin. 1998. Controlled release of
pesticides into soils from clay-polymer formulations. J. Agric. Food
Chem. ¿+6:3797-3ffi2.
He, L.M., L.W. Z,e,lazny, V.C. Baligar, K.D. Ritchey, and D.C. Mar-
tens. 1996. Hydroxy-sulphate exchange stochiometry on 1-4203
and kaolinite. Soil Sci. Soc. Am. J.6O:442452.
Jones, W., G. Poncelet, E. Ruiz-Hutzky, J.S. Galvan, P. Pomonis, H.
Van Damme, F. Bergaya, N. Papayannakos, and N. Gangas. 1997.
Synthesis, characterüation and application of pillared layered sol-
ids (PILCs) produced in large quantities. Synthesis Rep. of Brite-
Euram Contract No. BR2-CT-629 of the Ewopean Community.
Lagaly, G. 1995. Surface and interlayer reactions: Bentonites as adsor-
bents. p. 137-144.1n J. Churchman et al. (ed.) Clays controlling
lhe envi¡onment. Proc. 10th Int. Clays Conf., Adelaide, Australia.
1&-23 July 1993. CSIRO, Melbourne, Australia.
Lahav, N., U. Shani, and I. Shabtai. 1978 Cross-linked smectites. I.
Synthesis and properties of hydrory-aluminium-montmorillonite.
Clays Clay Miner. 26:107-i.15.
Lide, D.R. (ed.). 1991. Handbook of chemistry andphysics. 1990-1991.
CRC Press, Boston, MA.
I indsay, W.L. 199. Chemical equilibria in soils. John Wiley & Son¡i
New York. :::iii+
Michot, LJ., and TJ. Pinnavaia- 1991. Adsorption of chlorináted
pbenols from aqueous solution by surfactant-modified pillared
clays. Clays Clay Miner. 39:63441.
Mishael, Y.G., G. Rytwo, S. Nir, M. Crespin, F. Annabi-Bergay4 atd
H. Van fammg. 199. lnteractions of monovalent organic caüo¡s
with pillared clays. J. Colloid lnterface Scl- 2@:123-128. r¡F¡ tii
Nir, S. 1986. Speciñc and nonspecific cation adsorption to clays: Sdtlil
tion concent¡ations and surface potentials. Soil Sci. Soc. AE- J.5O:52-57. - ''"-ráe
Nn, S., R. Peled, and K.-D. I¡e. 1994. Analysis of particle upt"t"É ''
cells: Binding to several recepton, equübration -:me, endocytocii :
Nolan T., K.R. Srinivasan, and H.S. Fogler. 1989. Dioxon sorption !y
hydrory-aluminum-treated clays. Clays Clay Miner. 37:4$/-4É
Occ.elli, M.L., and RJvf. Tindwa 1983. Physicochemical properties of
montmorillonite interlayered with cationic oxyaluminum pillars
Clays Clly Miner.31:Zj-28 " ..,.-i;]
Pachepsky, Ya.A., S.A. Ivanova, L.P. Korsunskaya, and T. Polu$-
sova. 1994. Adsorption of Cl-, NO¡- and SOl- anions by krasnozem- "iÉAgrochimica3S:30G3l4. ; ' r:{ili=,jF
Parfit, R.L. 1978. Anion adsorption by soils and soil materials.,{d:*#
Agron.30:1-50. i.-,.. ,. . j,---j¡'ti.=iErus. JU:I-JU . ., :r.r=a+,lt:::F=
Rajan, S.S.S. 1978. Sulphate adsorbed on hydrous alumina, tiganó 3-
displaced, and changes in surface charge. Soil Sci. Soc. An- J. 
=i-42:39-44.
Schulthess, C.P., and J-F. McCarthy. 1990. Competitive adsorptioo of €-l
aqueous carbonic and acetic acids by an aluminum oxide iurfa"qs t'::
on clay minerals. Soil Sci. Soc. em. J.54:688-694. : - 
=Schutz, A., D. Plee, F. Borg, P. Jacobs, G. Poncelet, and JJ. Fripial
1987. Acidity and catalytic properties of pillared montmorillonite -:
Colloids Surfaces 89:45-57. - -..---?
and beidellite. p. 301-310..|n L.G. Schul¿ et al. (ed.) Proc- lnt. Clay 
.
Conf., Denver, CO. The Clay Mineral Society, Bloomington, IN.
Sposito, G. 1984. The surface chemistry of soils. Odord Univ. Press,
New York.
Srinivasan, K.R., and H.S. Fogler. 1990. Use of inorgano-organo-clays
in the removal of priority pollutants from industrial wastewaters:
Structural aspects. Clays Clay Miner 38:.277-286.
Strek, H.J. 1998. Fate of chlonulfuron in the envi¡onment. tr. Field
evaluations. Pestic. Sci. 53:52-:70,
Ukrainczyk, L., and H.A. Ajwa. 1996. Primhulfuron sorption on min-
erals and soils. Soil Sci. Soc. Arn. l. 6At460-467.
Van Damme, H., and J.J. Fripiat. 1985. A fractal analysis of adsorption
processes by pillared swelling clays. J. Chem. Phys. {2:2785-2789.
Van Damme, H., P. LÉvitz, and L. Gatineau. 1986. Energetical and
geometrical constraints on adsorption and reaction kinetics on clay
surfaces, p.283-304. /n R. Setton (ed.) Chemical reactions in or-
ganic and inorganic constrained systems. Reidel, Boston, MA.
Worthing C.R. (ed.). 1983. Pesticide manual. British Crop Protection
Council Publ., Lavenham, UK.
Zhang,P.C., and D.L. Sparks. 1990. Kinetics and mechanism of sul-
phate adsorption/desorption on goethite using pressure-jump relax-
ation. Soil Sci. Soc. Am. J.54:1266-1273.
Zielke, R.C., and T.J. Pinnavaia. 1988. Modified clays for the adsor¡
tion of envi¡onmental toxicants: Bindings of chlorophenols to pil-
lared, delaminated, and hydrory-interlayered smectites. Clays Clay
Miner. 36:403-408.
Zubkov, S.A., L.M. Kustov, V.B. Kazansky, G. Fetter, D. Tichit,
and F. Figueras. 194. Study of the nature of the acid sites of
montmorillonite pillared with aluminum and oligosilsequioxane
complex cations. I. Bronsted acidity. Clays ClayMber.42:42I-427.
